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Abstract 
High fill factor value is still a hot topic in Heterojunction (HJT) solar cells. Despite major improvement regarding the 
metallization losses using a novel encapsulation scheme like the SmartWire approach [1], the other series resistance contributions 
are still difficult to evaluate. Contacts between amorphous doped layers and transparent conducting oxides remain the main 
electrical barriers for both electrons and holes carriers. This work focuses on the series resistance breakdown of a high efficiency 
6 inches HJT cell (eta=22.4%, FF=80.3%, Voc=738mV, Jsc=37.8mA/cm
2) by comparing first two different existing methods to 
extract the series resistance, the European Standard EN60891 and the SunVoc. We present then two TLM (Transfer Length 
Method) dedicated structures to extract both the a-Si:H(n)/TCO and a-Si:H(p)/TCO contact resistivity. This enables us to rank 
each contribution of the series resistance from interfaces, TCO sheet resistance and the final metallization.  
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1. Introduction 
Silicon heterojunction solar cells (HJT) increasingly gain interest as they offer several advantages compared to 
the standard diffused solar cells: They enable efficiencies well above 22%, they present an excellent energy yield, 
and are simple to manufacture compared to other high-efficiencies technology such as inter-digitated back contact 
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solar cells. In addition, silicon heterojunction cells are fully processed at low temperature (<250°C), enabling the use 
of extremely thin wafers (<100µm) without the risk of wafer warping. Characteristically, heterojunction solar cells 
feature thin silicon amorphous layers (a-Si:H) enveloping the c-Si substrate. Thanks to the high-quality passivation 
of a-Si:H layers, HJT solar cells can achieve easily high Voc’s (>740mV), but achieving simultaneously a high Fill 
Factor (FF>81%) on large area cells remains challenging [2]. First, we note that those a-Si:H layers have a large 
band gap, leading to discontinuities at the a-Si:H/c-si interface, which in turn may create energetic barriers for the 
electrical transport of carriers. Next, the carriers meet a second barrier corresponding to the contact between the 
amorphous doped silicon layers (n,p) and the transparent conductive oxide (TCO), in which the sheet resistance 
limits as well the carrier transport. Finally, the contact between the TCO and the low temperature silver printed 
paste, and the paste itself, present also additional resistances to the carrier transport. Thus, the analysis of power 
losses, especially the series resistance, is more complex compared to standard homojunction solar cells, where the 
metallization is in direct contact with the silicon substrate.  
The purpose of this work is first to measure and discuss the series resistance of a HJT solar cell using common 
methods. Then, in order to extract the unknown n/TCO and p/TCO contacts, dedicated TLM structures are proposed. 
2. Series resistance extraction of hjt cells 
The series resistance (Rs) of a six inch, bifacial rear emitter busbar less HJT cell, depicted in figure 1(a) and 
measured at 22.4% (FF=80.3%, Voc=738mV, Jsc=37.8mA/cm
2) with a GridTOUCH system [3], is compared using two 
methods: The European standard EN60891 and the SunVoc’s. The light-IV curves and pseudo light-IV curve used for 
the calculation of the series resistance are superposed in figure 1(b), where the main working points are highlighted. 
a b
Fig. 1. (a) Bifacial rear emitter HJT cell and a scheme of its band diagram at equilibrium, (b) LIV curves under different illuminations and Suns 
Voc curve. Main working points are highlighted in red for the calcul of Rs using EN60891 standard. 
2.1. Method 1: European standard EN60891 
The Rs extracted from the European Standard EN60891 [4], using three IV curves with different illumination 
levels is tested. This method, discussed in detail here [5], averages three Rs calculated from three illuminations (here 
1, 0.75 and 0.33 Suns) using: 
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௏యି௏మ
ூమିூయ        (1) 
 The method is only valid as long as the three Rs are similar, which is not observed in the case of our HJT cells. 
The alternative calculation proposed by [5], using a linear fit of the points (Vi, Ii) and inverting the slope, gives a 
slightly higher value of Rs than the average, about 0.77 .cm2. Table (1) presents the data measured for each 
illumination and the corresponding calculated average Rsi. The large spread measured, with Rsi values between 0.42 
to 0.94 .cm2 highlights that the current flow into the wafer is illumination dependent. Despite having a different 
emitter configuration than a standard homojunction solar cell, the HJT cell, with the emitter on the rear side behaves 
like a solar cell where the sheet resistance of the emitter is close to the base [5]. Here, the sheet resistance of the 
wafer changes with illumination, and modulates the global resistance represented by the sheet resistance of the wafer 
and the sheet resistance of the front TCO layer in parallel. Under measurement, the majority carrier’s path will be 
different for each illumination and distributed differently into the wafer and TCO layer. 
 Table 1. Working points and Series resistance calculation using EN60891standard.
Vi Illumination [%] Vmp [mV] Imp[mA]  Rsi Ohm.cm2  
Vmp 100 630 8513  Rs1 0.42  
V1 100 641 8330  Rs2 0.75  
V2 75 645 6048  Rs3 0.94  
V3 33 660 2248  Average Rsi 0.70  
Consequently, this method should be avoided for an accurate Rs measurement of HJT solar cells and the SunVoc
method is preferred. 
2.2. Method 2: sunvoc
The second method uses the SunVoc’s technique, where a pseudo light-IV curve is measured while flashing the 
solar cell [6]. In that case, no current is flowing through the solar cell, and the resulting pseudo LIV curve is mainly 
dependent on the surface passivation quality. Substracting the LIV curve from the SunVoc curve (Figure 1.b), this 
method allows the calculation of  Rs (0.62Ohm.cm
2) by using [6]: 
  
ܴ௦ ൌ ሺ௏௠௣ೄೠ೙ೇ೚೎ି௏௠௣ಽ಺ೇሻ௃௠௣ಽ಺ೇ          (2) 
Where VmpSunVoc, VmpLIV and JmpLIV corresponds to the voltage and the current density at the maximum power 
point with the SunVoc or LIV measurement. The SunVoc’s technique gives also access to the passivation quality with 
a pseudo Fill Factor (pFF) value of 84.1%, excluding a passivation problem of the solar cell. The Fill Factor loss 
given by pFF-FF = 4.1%, is therefore mainly due to series resistance limitation, as the solar cell is characterized by a 
high shunt resistance. 
2.3. Series resistance contributions 
The total series resistance of the HJT solar cell can be written as: 
ܴ௦ ൌ ܴ௦௙௜௡௚௘௥௙௥௢௡௧ ൅ ܴ௦௧௖௢Ȁ௙௜௡௚௘௥௙௥௢௡௧ ൅ ܴ௦௧௖௢௙௥௢௡௧ ൅ ܴ௦ሺ௜ା௡ሻȀ௧௖௢௙௥௢௡௧ ൅ ܴ௦ሺ௜ା௣ሻȀ௧௖௢௕௔௖௞ ൅ ܴ௦௧௖௢௕௔௖௞ ൅ ܴ௦௧௖௢Ȁ௙௜௡௚௘௥௕௔௖௞ ൅ ܴ௦௙௜௡௚௘௥௕௔௖௞  (3) 
Some individual part of the series resistance can be measured using standard methods: 
• Rs losses in the metallized finger ܴ௦௙௜௡௚௘௥௙௥௢௡௧  and ܴ௦௙௜௡௚௘௥௕௔௖௞  using line resistance measurement. 
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• Rs losses in the sheet resistance of the TCO, ܴ௦௧௖௢௙௥௢௡௧ and ܴ௦௧௖௢௕௔௖௞ using four probes or Hall measurement. 
• Rs losses at the finger and TCO interface, ܴ௦௧௖௢Ȁ௙௜௡௚௘௥௙௥௢௡௧  and ܴ௦௧௖௢Ȁ௙௜௡௚௘௥௕௔௖௞  using TLM measurement. 
The major question remaining is the contact resistivity ܴ௦ሺ௜ା௡ሻȀ௧௖௢௙௥௢௡௧  and ܴ௦ሺ௜ା௣ሻȀ௧௖௢௕௔௖௞ between the stack of intrinsic and 
amorphous doped layers (n,p) and the associated front and back TCO.  
3. Tlm structures to extract both n/tco and p/tco contact resistance. 
In order to measure those contributions, we developed two specific structures, depicted in Figure 2, based on the 
Transfer Length Method (TLM), similar to [7]. TLM is usually used to extract the contact resistivity between the 
TCO and metal layer [8]. Compared to [7] where difficulties where met to extract the p/TCO contact resistivity, we 
changed the design of the pads where their length Lc is much bigger than their width W. 
3.1. Experimental details 
The wafer, after standard texturing and cleaning, received the same intrinsic, doped amorphous silicon layers and 
TCO as the HJT solar cell. Only a sputtered silver (Ag) layer was added on top of it to guarantee a uniform potential 
above the TLM pads. We highlight that the contacts are shaded by the Ag layer, they will indeed be measured in 
dark condition. Those layers were deposited using the S-cube PECVD reactor and AK-PVD platform from Meyer 
Burger. The TCO and Ag layers are then patterned using the PiXdro LP50 inkjet printer followed by wet etching. 
The distance between each pad (Gap) varies from 50um to 2000um. Then the ink is removed and the sample cured 
in the same condition as a standard cell. Finally, the samples are laser cut to keep only unidirectional current flow 
through the wafer and remove any edge effects.  We highlight that the c-Si wafer type used (n or p) is associated 
with the contact resistivity to be measured (a-Si:H(n)/TCO or a-Si:H(p)/TCO), in order to avoid blocking diodes in 
the structure. The thin amorphous doped layer (about 10nm) is characterized by a high sheet resistance, far away 
higher than the one from the wafer base, so that current only flows into the wafer from pad to pad and cross twice 
the a-Si:H(i) and doped amorphous silicon/TCO interface. 
a b
Fig. 2. (a) TLM structures used to extract n/TCO or p/TCO contact resistivity and (b) corresponding picture. 
3.2. Tlm measurements 
Using those structures, we were able to extract both the a-Si:H(n)/TCO and a-Si:H(p)/TCO contact resistivity ߩ௖
(.cm2) based on the equation (4): 
ߩ௖ ൌ ܴ௖ ൈ ܮ் ൈܹ          (4) 
With Rc the contact resistance (), LT the transfer length (cm) and W the pads width (cm). 
Rc is given by: 
c-Si(n,p) 
a-Si:H(i) 
a-Si:H(n,p) 
tco
Ag
tco
Ag
tco
Ag
tco
Ag
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ܴ௖ ൌ ோ೎బଶ             (5) 
Rc0 is the resistance value () extracted for a zero width gap. The transfer length LT is defined by: 
ܮ் ൌ ோ೎ൈ௅೎ோೞ೓೐೐೟           (6) 
With Lc and Rsheet respectively defined by the contact length and the wafer sheet resistance. 
We highlight that the measurement is valid only if the pads width W is much larger than the transfer length LT to 
avoid current crowding effects. Before extracting the n/TCO and p/TCO contacts, we first verified that both TLM 
structures exhibits a linear IV dependence in the (-1.5V; +1.5V) range, i.e. meaning that contacts are ohmic. 
3.3. Effect of curing on p/tco and n/tco contacts 
Samples without curing show different behavior between n/TCO and p/TCO contacts as presented in figure 3. 
For the n/TCO sample, the contact resistivity decreased from 0.18.cm2 to 0.14.cm2 after curing but can be 
measured before the curing step. At the opposite, in the case of p/TCO contact, the tentative to measure the 
resistance dependence with the gap fails before curing. The main hypothesis to explain this behavior is the facility to 
build an “n” contact when both layers are of the same electrical type (i.e. filled by electrons). At the opposite, the 
recombination contact at the interface between the “p” layer and the TCO involves opposite carrier type and the 
annealing seems mandatory to re-order the a-Si:H(p)/TCO interface to form an ohmic contact. We remark here a 
future potential to analyze the contact behavior as a function of the annealing temperature in order to further 
improve the contact resistance. Finally, after curing, p/TCO contact was measured at 0.24.cm2. Those values take 
into account not only the contact between the doped layer and the associated TCO, but also the thickness of the 
intrinsic amorphous layer underneath and the c-Si/a-Si:H interface. Consequently, if the accuracy of the method is 
sufficient, varying the thickness of the intrinsic or the doped amorphous silicon layer may be used in the future to 
discriminate each layer contribution to the contact resistance. 
a b 
Fig. 3. n/TCO (a) or p/TCO (b) TLM measurement before and after curing. 
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4. Hjt series resistance breakdown 
Using the TLM values from 3) and the series resistance from the SunVoc’s measurement 2), we are now able to 
breakdown the 0.62 .cm2 of our HJT solar cells as presented in the table 2. The (p)/TCO back contact is the major 
contribution (0.24 .cm2), followed by the front (n)/TCO contact (0.14 .cm2). We need to assume here that the 
front contact between the a-Si:H(n) and the TCO is not significantly affected by the illumination of the solar cell at 
Vmp condition, as the metallized finger will shade the contact underneath. Therefore, the front contact is almost in 
the same dark condition than the TLM measurement. Summing both front and back contacts (i.e. 0.38 .cm2) 
represents already close to 60% of the series resistance loss. Then the sheet resistance, measured from Hall 
measurement, of the back and front TCO account for respectively 0.12 .cm2 and 0.1 .cm2. Finally, using 
dedicated TCO/printed silver standard TLM structures, the front and back TCO to silver metallization contacts 
account for respectively 33m .cm2 and 16 m.cm2. Thanks to the GridTOUCH measurement, the loss contribution in 
metal fingers becomes negligible. Summing all the contributions leads to a calculated Rs of 0.65 .cm2, i.e. within 
5% of the 0.62 .cm2 measured with the SunVoc’s technique. 
 Table 2. Series resistance breakdown of a 6 inches HJT cell. 
.cm2
Back a-Si:H(i+p)/TCO 0.24 
Front a-Si:H(i+n)/TCO 0.14 
Back TCO Sheet resistance 0.12 
Front TCO Sheet resistance 0.10 
Front TCO/Silver paste contact 0.033 
Back TCO/Silver paste contact 0.016 
Total 0.65 
5. Conclusions 
We showed that the European standard measurement to extract the series resistance leads to a wrong value due to 
the change in conductivity of the wafer under different illumination. The SunVoc’s technique is therefore preferred 
to extract the series resistance. Using two dedicated TLM structures, we were able to extract both n/TCO and p/TCO 
contact resistivity and consequently model the series resistance from each contribution of the HJT solar cell. It 
highlights that both (n,p) amorphous doped layers/TCO contacts are of primary importance to reduce further the 
series resistance and increase the Fill Factor above 81% of our HJT solar cells. Finally, this simple method can be 
used to optimize each TCO contact independently from the passivation quality, and help to identify the loss 
mechanism in the solar cells. 
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